We study deposition and impact of heavy particles onto an in-line tube-banks 
Introduction
Investigation of the deposition and impact of aerosol particles on heat exchangers is of significant importance to the design and operation of heat exchanger tube banks used in a wide range of industrial applications, i.e., civil advanced gas-cooled reactor (CAGR) boilers, oil-fired steam boilers of thermal power stations and process plants. In many safety cases involving dropped fuel in CAGRs a significant proportion of the activity will be associated with small aerosol particles. The main mechanisms by which aerosol particulates deposit and impact on wall surfaces include gradient/diffusion or free-flight theory , inertia deposition, interception, turbulent eddy-diffusion, Brownian diffusion and thermophoresis, gravitational setting, etc. The mechanisms that are responsible for the deposition of heavy particles in fully developed turbulent boundary layers are gradient/diffusion or free flight theory ( [1] ) and by turbophoresis ( [2] ) with turbulent eddy-diffusion ( [3] ).
However, under the conditions of high volume flow rate low pressure drop filtration, inertial impact becomes the dominant mechanism governing deposition among all the competing ones that contribute to the deposition of aerosol particulates on cylinder surfaces (see [4, 5] ).
There has been extensive research regarding the inertia deposition of heavy particles or droplets from flowing gas streams by impact on a single cylinder surfaces through theory and experiments. For example, Brun et al. [6] reported three impingement characteristics of water droplets on a cylinder surface, which are total rate of water droplet impingement, extend of droplet impingement zone and local distribution of impinging water on cylinder surface. The results on the collection efficiency of a cylinder in Brun et al. [6] were presented as a function of combining the Stokes and Reynolds number of droplets considered. This treatment was extended to use a generalized Stokes number to determine the collection efficiency of a cylinder for non-Stokesian particles by Israel and Rosner [7] . This generalized Stokes number is normally referred to as effective Stokes number and defined as
where ψ(Re p ) is the non-Stokes drag correction factor and given by ψ(Re p ) = 24
and
More recently, the collection efficiency was examined through directly solving the incompressible Navier-Stokes equations coupled with the Lagrangian point particle tracking approach in a relatively low Reynolds number cross flow across a cylinder by Haugen et al. [8] .
There are a number of numerical studies on the deposition and impact of heavy particles on tube-banks surfaces, and they focused on the twodimensional simulations. Jun and Tabakoff [9] carried out a two-dimensional numerical simulation for a dilute particle laden laminar flow over in-line tubebanks in order to study particle impact and erosion of cylinders. Rebound phenomena of particles from cylinder surfaces were take into account as well in the above work. Bouris et al. [10] performed a two-dimensional large eddy simulation to evaluate alternate tube configurations for particle deposition rate reduction on heat exchanger tube bundles, in which an energy balance model was implemented to consider the adhesion or rebound of particles upon hitting upon the surface a tube. Tian et al. [11] made use of the twodimensional RANS (Reynolds-averaged Navier-Stokes) modelling framework and Lagrangian particle tracking to study the characteristics of particle-wall collisions. An algebraic particle-wall collision and stochastic wall roughness model was also implemented by Tian et al. [11] .
Engineering predictions of the deposition of heavy particles on bluff bodies depends primarily on the RANS. The methodology of three-dimensional RANS modelling frameworks coupled with a separate boundary layer model, which supplies fluctuating fluid velocity fluctuations seen by heavy particles, has been extended to study the prediction of deposition rates of heavy particles (e.g. [12, 13] ) in complex geometries. Dehbi and Martin [14] further employed above mentioned method to study particulate flows around linear arrays of spheres and got good predicted deposition rates when compared against experimental measurements. However, for a turbulent flow across bluff bodies, e.g. spheres or cylinders, the salient feature of such a flow is that it has strongly unsteady, three-dimensional vortex shedding ([15] ). This requires solving the Navier-Stokes equations with the time-dependent term,
i.e. unsteady RANS (URAS) or LES, in order to resolve the unsteady phenomena of vortex shedding as accurately as possible. In this study, first a URAS simulation was carried out for a turbulent flow across in-line tubebanks. The approach presented in Dehbi [12] was used to determine the y + value of each cell associated with its correspondingly nearest wall-adjacent cell face. However, as shown in figure 1 for the contour of y + values of each cell associated with its correspondingly nearest wall-adjacent cell face, the 4 boundary layer around every cylinder based on a threshold y + value 100 possesses a irregular shape. This irregular boundary layer shape as a result of the unsteadiness of vortex shedding may make the methodology of RANS modelling framework combining with a supplying boundary model problematic.
LES has been convincingly demonstrated to be superior to unsteady RANS (URANS) in accurately predicting the flow and vortex dynamics of a turbulent cross-flow in a staggered ( [16] ) and in-line tube bundle ( [17] ).
This is because LES is capable of providing the detailed large scales of flow structures, resolving a significant part of the vortex shedding physics and hence reducing the importance of modelling. The success of LES technique for single-phase turbulent flows across complex geometries has been explored to extend the technique to two-phase flows over complex geometries. Apte et al. [18] performed an LES study of particle-laden swirling flow in a coaxialjet combustor. They demonstrated that results obtained from LES are significantly more accurate than the results by RANS applied for the same problem. Riber et al. [19] conducted a comparison study of numerical strategies for LES of particulate two-phase recirculating flows and observed that the dispersed phase is predicted more accurately by the Lagrangian point particle approach than the Eulerian approach. Therefore, the Lagrangian point particle approach coupled with the LES technique is employed to in this study.
The principal objective of this work is to investigate inertial deposition and impact of heavy particles onto in-line tube-banks in a turbulent cross flow. The numerical technique used for the underlying flow field is large eddy 5 simulation (LES), whilst the Lagrangian point particle tracking approach is employed to obtain particles trajectories.
Overview of numerical simulations

Formulation of a dynamic Smagorinsky model
The governing equations for LES are obtained by spatially filtering the Navier-Stokes equations. In this process, the eddies that are smaller than the filter size used in the simulations are filtered out. Hence, the resulting filtered equations govern the dynamics of large eddies in turbulent flows. A spatially filtered variable that is denoted by an overbar is defined using a convolution product (see [20] )
where D denotes the computational domain, and G the filter function that determines the scale of the resolved eddies.
In the current study, the finite-volume discretization employed itself provides the filtering operation as
where V denotes the volume of a computational cell. Hence, the implied filter function, G(x, y) in eq. (5), is a top-hat filter given by
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Filtering the continuity and Navier-Stokes equations, the governing equations for resolved scales in LES are obtained
where τ ij denotes the subgrid scale (SGS herefrom) stress tensor defined by
The filtered equations are unclosed since the SGS stress tensor τ ij is unknown.
The SGS stress tensor can be modelled based on an isotropic eddy-viscosity model as:
where ν t denotes the SGS eddy viscosity, and S ij is the resolved rate of strain tensor given by
where ν t is computed in terms of the Smagorinsky [21] type eddy-viscosity model using
where C ν denotes the Smagorinsky coefficient, |S| the modulus of rate of strain tensor for the resolved scales,
and ∆ denotes the grid filter length obtained from
Consequently, the SGS stress tensor is computated as following
This model claims to be simple and efficient. It needs merely a constant in priori value for C ν . Nevertheless, work from [22, 23, 24] has shown different values of C ν for distinct flows. Hence, the major drawback of the model used in LES is that there is an inherent inability to represent a wide range of turbulent flows with a single value of the model coefficient C ν . Given that the turbulent flow over tube-banks in the present study is fully three-dimensional, the standard Smagorinsky SGS model is not used here to compute the coef-
Germano et al. [25] proposed a new procedure to dynamically compute the model coefficient C ν based on the information obtained from the resolved large scales of motion. The new procedure employes another coarser filter ∆ (test filter) whose width is greater than that of the default grid filter.
Applying the test filter to the filtered Navier-Stokes equations, one obtains the following equations
where the tilde denotes the test-filtered quantities. T ij represents the subgrid scale stress tensor from the resolved large scales of motion and is given by
The quantities given in (9) and (17) are related by the Germano identity:
8 which represents the resolved turbulent stress tensor from the SGS tensor between the test and grid filters,T ij and τ ij . Applying the same Smagorinsky model to T ij and τ ij , the anisitropic parts of L ij can be written as
where
One hence obtains the value of C from (20) that is solved on the test filter level and then apply it to Eq. (15). The model value of C is obtained via a least squares approach proposed by Lilly [26] , since Eq. (20) is an overdetermined system of equations for the unknown variable C. Lilly [26] defined a criterion for minimizing the square of the error as
In order to obtain a local value, varying in time and space in a fairly wide range, for the model constant C, one takes
∂E ∂C
and sets it zero to get
A negative C represents the transfer of flow energy from the subgrid-scale eddies to the resolved eddies, which is known as back-scatter and regarded as a desirable attribute of the dynamic model.
The Werner and Wengle wall layer model
The Large Eddy Simulation (LES) of turbulent flow over tube-banks is hampered by expensive computational cost incurred when the dynamic and thin near-wall layer is fully resolved. To obviate the computational cost associated with calculating the wall shear stress from the laminar stressstrain relationship that requires the first cell to be put within the range of y + ≈ 1, Werner et al. [27] proposed a simple power-law to replace the law of the wall, in which the velocity profile on a solid wall is given as following,
where A = 8.3 and B = 1/7. An analytical integration of Eq. (24) results in the following relations for the wall shear stress
where u p is velocity component parallel to the wall and given by: Figure 2 shows the flow configuration with the corresponding coordinate system, which is based on the experiments involving particle deposition on heat exchanger tube-banks by Hall [28] . For the carrier phase, the first-order statistics are collected by integrating the governing equations over an interval of 25D/U o , and all the statistics are averaged over the 40 sampling points across in the spanwise direction.
Flow configuration of in-line tube banks
Calculation of particle trajectories
A parallel Lagrangian particle tracking module was developed to calculate trajectories of heavy particles in flow fields resolved by LES. The particle localization algorithm on unstructured grids proposed by Haselbacher et al. [29] was used to locate the cell which contains the current particle position. In this study, the focus is on the deposition of non-inter-collision, rigid, spherical and heavy particles on in-line tube-banks by impact; the concentration of particles is dilute enough to make one-way coupling assumption. The momentum balance equation of particles discussed by Maxey and Riley [30] is simplified in this work with taking into account the drag force merely. We thus can write the particle equation of motion involving the non-linear form of the drag law with the point particle approximation
where u p is the particle velocity and u the instantaneous fluid velocity at the particle location, τ p is the particle response time. An empirical relation for C D from Morsi and Alexander [31] , which is applicable to a wide range of particle Reynolds number with sufficiently high accuracy, is employed.
in which c 1 , c 2 , c 3 are constants. The above empirical expression exhibits the correct asymptotic behavior at low as well as high values of Re p .
The position x p of particles is obtained from the kinematic relationship
The boundary condition for the above equation is that the particle is captured by the wall when its center away the nearest wall surface is less than its radius. This is not properly treated in the default discrete phase model (26) is integrated with the second-order accurate Gear2 (backward differentiation formulae) scheme that is applicable to stiff systems. Since it is only by chance that a particle coincides with the cell centroid, at which the fluid solution is stored as part of the computation of the underlying flow field with the unstructured-grid based collocated cell centroid storage finite volume method, a quadratic scheme based on least-squares velocity gradient reconstruction is used to interpolate the fluid velocity to the particle location without consideration of the effect of subgrid scale. For the second-order accurate carrier phase solver, the quadratic scheme is found to be sufficient to accurately resolve the particle motions. 
A particle-wall collision model
Particle-wall collisions play an important role in particle-laden two-phase flows because it effects the deposition, accumulation on wall surfaces. In this work, the aim is not to seek a new particle-wall-collision model, instead a well-known dry particle-wall-collision model from Thornton and Ning [32] was implemented to account for the energy loss resulting from the particlewall-collision. The energy loss resulting from impact upon a wall is normally characterized by the coefficient of restitution (CoR) e that is defined by
where v n r is the rebound normal velocity and v n i the incident normal velocity. Then, the loss of kinetic energy ∆E of a particle with mass m p is given by
In the case of elastic impact, e = 1 due to no energy loss occurred. When e = 0, the maximum incident normal velocity is normally referred to as the critical sticking velocity v s . Then from
e is given by
If v n i is higher than v s then e > 0 and the particle can bounce off the wall upon impact; if not, the particle sticks the wall and e = 0. The critical sticking velocity v s is normally determined by the properties of the particle and wall. Figure 4 shows the variation of critical sticking velocity for a wide range of particle radii. It can be observed that the smaller the particle radius is, the larger the critical sticking velocity is. Therefore, it is easier for larger particles get bounce upon impact. Figure 5 illustrates how the coefficient of restitution with the particle incident normal velocity. When the particle incident normal velocity is approaching 0.2 m/s the coefficient of restitution is close to 0.985.
In this study, the critical sticking velocities for three sets of particles considered are calculated and input as parameters before starting particle tracking. Therefore, this model can be used to determine whether a particle sticks to or rebound from a wall upon impact with the wall. Following Shim et al. [33] , the coefficient for the mean pressure distribution on the cylinder surface is define as
Results and discussions
Results on the carrier phase
where p T denotes an ensemble average across the spanwise direction for all the sampling points on the cylinder surface over the sampling time interval T , and
In order to make C p equal to unit at the front stagnation point for every cylinder, the corresponding static pressure p ref is calculated according to equation 33, C p is hence determined around the cylinder surface.
Comparisons of C p on the middle cylinders surface from the first and second pair of tube-banks are shown in figure 7 . It can be observed that C p is of the standard shape, which C p normally develops on a single circular cylinder. However, C p on the second cylinder is of a S shape, indicating there is a region in the front side of the cylinder that has higher pressure than the 16 front stagnation point. This higher pressure distribution results from the impingement of the wake from the preceding cylinder on the front side. The phenomena was also observed in the experimental measurements for a tubebanks with a close longitudinal pitch from Shim et al. [33] . From 7b, It can be observed that C p on C 3 is also of the standard shape for a single cylinder, but it has a relatively high base pressure. C p on the following cylinder C 3 has the similar shape like to the one on C 4 , implying that the shedding vortex from C 3 impacts on the front side of C 4 . 3.2. Results on the particle phase 3.2.1. Sample particle trajectories and bounce upon impact Figure 10 shows some sample particle trajectories across the tube-banks.
With the present particle-wall collision model, it can be clearly observed that some particles rebound upon impact on the cylinders. This normally results in a smaller rebounce velocity even particles peel on the surface of cylinders as a result of energy loss.
Deposition efficiency on tube-banks
The deposition efficiency for a single cylinder(or known as collection efficient) is normally defined as
where N dep is the number of deposition particles on the cylinder, and N tot is the number of uniformly distributed particles in the upstream cross-sectional area of the cylinders.
Nevertheless, in the present case that particles deposit on in-line tubebanks, overall deposition efficiencies for each pair of tube-banks have to be defined differently. The deposition efficiency for the first pair is determined by taking the number of particles in the upstream cross-sectional area of the first column cylinders and comparing that number to the number of particles actually deposited on the first pair of tube-banks. This reads
where N pair1 is the number of deposition particles on the first pair of tubebanks, N tot is the total number released from the upstream, 5/6.94 is ratio of the cross-sectional area of the first column cylinders to the cross-sectional area of the computational domain. However, since it is difficult to define how many particles are in the upstream cross-sectional area of the succeeding tube-banks, the number is assumed to be simply the number in the particle release plane cross-sectional area 5N tot /6.94 minus the number of particles deposited on the preceding tube-banks. For example, the deposition efficiency of the fourth pair of tube-banks can be written as
The computed results on deposition efficiency across the tube-banks are shown in figure 11 , 12 and 13. Figure 11 also includes a result on deposition efficiency on a single cylinder based on the curve fit proposed by Israel and Rosner [7] . The particle Although the fraction of deposition on the pair3 and pair4 are lower than the preceding two pairs, a striking difference is noted when compared to the particle St = 0.35.
It can be observed from figure 17a that the back-side deposition on the back banks of pair1 and pair2, for particles St = 0.0075 result in considerably higher fraction of deposition. For the back-side deposition, Haugen et al. [8] argued that when particle with response time τ p is close to the eddy time τ eddy , they normally follow the eddies in the wake of the tube-banks and gain enough momentum to impact on the cylinders. 
acknowledgments
We wish to acknowledge the support of British Energy (Part of EDF). 
